Background: The standard formula (SF) used in bolus calculators (BCs) determines meal insulin bolus using "static" measurement of blood glucose concentration (BG) obtained by self-monitoring of blood glucose (SMBG) fingerprick device. Some methods have been proposed to improve efficacy of SF using "dynamic" information provided by continuous glucose monitoring (CGM), and, in particular, glucose rate of change (ROC). This article compares, in silico and in an ideal framework limiting the exposition to possibly confounding factors (such as CGM noise), the performance of three popular techniques devised for such a scope, that is, the methods of Buckingham et al (BU), Scheiner (SC), and Pettus and Edelman (PE).
Original Article
One of the most cumbersome tasks in the daily management of type 1 diabetes (T1D) is the calculation of the amount of insulin to be injected at meal-time. To help T1D patients in this process, bolus calculators (BCs) are available, integrated in insulin pumps, as stand-alone devices, and in the form of mobile apps. 1 Commonly, to estimate the insulin bolus amount B (U) needed to compensate for the intake of a certain quantity of carbohydrates (CHO) (g), BCs implement the following standard formula (SF):
where CR and CF are, respectively, the carbohydrate-toinsulin ratio (g/U) and the correction factor (mg/dL/U) (two patient-specific therapy parameters which are tuned-up by physicians using empirical laws based on experience), 2 G C is the measured preprandial blood glucose (BG) concentration (mg/dL), G T is the target BG level (mg/dL); and IOB is the so-called insulin on board (U) (an estimate of how much insulin is still acting in the organism from the previous boluses). 3 It was shown that BCs implementing the SF (1) generally improve BG control, [3] [4] even if optimal CR and CF values may vary with time of the day according to patient intraday physiologic variability and the CHO estimation is affected by uncertainty, 5 factors that can lead to suboptimal glycemic outcome after the meal.
The SF (1) uses only "static" information on BG, as it was developed when standard BG monitoring was performed by self-monitoring of blood glucose (SMBG) fingerprick devices. More recently, continuous glucose monitoring (CGM) sensors were introduced and some of them received the regulatory approval for nonadjunctive use, 6, 7 that is, their measurements can be used for decisionmaking and, in particular, insulin bolus calculation, without the need of confirmatory SMBG. In a nonadjunctive CGM scenario, the SF can still be used by simply substituting the SMBG measurement with the CGM value at the time of bolus calculation. However, CGM sensors provide information about the current glucose rate of change (ROC) that could be useful for a better determination of the amount of insulin to inject. [8] [9] [10] Indeed, some methods were proposed in the literature to "adjust" the SF (1) by exploiting ROC arrows information, including those of Buckingham et al, 11 Scheiner, 12 and Pettus and Edelman, 13 hereafter labeled as SC, PE, and BU, respectively. To the best of our knowledge, no study has quantitatively evaluated the performance of these methods yet. In this work, we perform such an investigation in silico, in a single meal scenario, by using the UVa/Padova T1D simulator. 14 In particular, we analyze data of 100 virtual subjects with different preprandial BG and ROC values. We assess the performance of each method by calculating the blood glucose risk index (BGRI) on the 9 hours after the meal. Comparison among the three methods is performed in an ideal noise-free framework, the aim being limiting, at this stage of the investigation, the influence of possibly confounding factors (such as errors in carb counting, sensor readings, etc).
Methods

Literature Methods for Adjustment of Insulin Bolus According to ROC
The BU method, proposed in 2008, 11 consists in modulating the SF (1) according to ROC magnitude and direction. In detail, patients are suggested to increase/decrease insulin bolus by 10% when CGM sensor reports that BG is rising/decreasing by 1-2 mg/dL/min. Otherwise, if BG is changing by 2-3 mg/dL/ min or more, patients are advised to increase or decrease insulin bolus by 20%.
The SC guideline, proposed in 2015, 12 suggests using ROC as a tool to infer the glucose levels over the next 30-60 minutes, assuming that the current glucose trend will be stable by the time the insulin starts to act. In particular, the BG measurement used in (1) , that is, G C , is substituted by its predicted value according to ROC. In practice, if BG is increasing/decreasing by 1-3 mg/dL/min, the patient is suggested to "adjust" G C by summing/subtracting 25 mg/dL to it. Otherwise, if BG is changing by 3 mg/dL/min or more, the patient is advised to increase or decrease G C by 50 mg/dL.
Recent studies investigating how patients employ CGM and ROC to make insulin therapy adjustments revealed that people are inclined to make more drastic and extreme changes than those suggested by both BU and SC guidelines. 9, 10 For example, when G C is 110 mg/dL and BG is rapidly increasing, T1D patients reported to increase the insulin bolus by 81% instead of just 20%. In line with these findings, the PE guideline was proposed in 2017, 13 which uses the same rationale of SC but suggests larger G C corrections. In particular, the PE method consists in increasing/decreasing the measured glucose concentration by 50 mg/dL, 75 mg/dL, and 100 mg/dL when glucose is changing by 1-2 mg/dL/min, 2-3 mg/dL/min, and more than 3 mg/dL/min, respectively. See Table 1 for a summary of the BU, SC, and PE methods.
Simulation Framework
To evaluate and compare the performance of BU, SC, and PE against SF (considered as reference) we designed an ad hoc in silico clinical trial using the UVa/Padova T1D simulator. 14 We performed the trial in 100 virtual adults having (mean ± SD) body weight 69.7 ± 12.4 kg, total daily insulin 0.61 ± 0.18 U/day/kg, CR 15.9 ± 5.3 g/U, fasting plasma glucose 119.6 ± 6.7 mg/dL (we refer the reader to Dalla Man et al 14 for more details). Each subject underwent 9-hour single-meal experiments. The simulation started at 12:00 pm, when the subjects had a lunch of 75g of CHO, and ended at 21:00 pm. We studied each subject in different scenarios characterized by different BG and ROC values at meal time, with the aim of assessing the impact of preprandial conditions, in terms of BG and ROC, on BC's performance. In particular, we designed these scenarios by a trial-and-error approach, in which we tuned time and CHO content of breakfast and morning snack and time and amount of the respective insulin boluses to achieve the desired (BG, ROC) condition at meal time. In total, we generated 24 different scenarios, deriving from the combination of four preprandial ROC intervals, that is, −3 to −2, −2 to −1, 1 to 2, and 2 to 3 mg/dL/min, and six preprandial BG intervals, that is, 60 ± 5, 70 ± 5, 80 ± 5, 100 ± 5, 150 ± 5, and 250 ± 5 mg/dL. Note that we decided not to test scenarios where preprandial ROC is between −1 and 1 mg/dL/min, since BU, SC, and PE do not correct the SF for these ROC values. We also decided not to test scenarios with extreme preprandial ROC values, that is, ROC > 3 mg/dL/min and ROC < −3 mg/dL/min, since impossible to simulate in all the subjects with realistic manipulations of time, CHO content and insulin bolus of breakfast and morning snack.
To assess the performance of each BC method per se, we decided to limit the exposition of the study to possibly confounding factors (eg, patient behavior in making treatment decisions to mitigate hyper/hypoglycemia, changes in individual insulin sensitivity, low or high preprandial insulin/carbohydrate on board amount, CGM errors and artifacts that can also alter the estimation of the ROC value) and run the simulations in a noise free environment, that is, using optimal therapy parameters, allowing neither postprandial correction boluses nor hypotreatments, without simulating errors in meal CHO counting, BG measurement and ROC estimation.
Performance Evaluation and Statistical Analysis
For each subject and each (BG, ROC) pairs, we compared the BG profile obtained using the SF, that is, when the bolus dose is calculated by using the "static" BG value at mealtime, with the BG profiles obtained from the adoption of the three literature methods which include in (1) the "dynamic" information provided by the CGM sensor, that is, the ROC. Note that, for each particular meal condition scenario, we discarded those virtual subjects whose insulin bolus computed with SF resulted to be zero or negative (eg, because of too much elevated IOB values), since in such a situation the methods would not be comparable.
The quality of glucose control was assessed, first of all, by calculating BGRI in the postprandial 9-h time window. 15 This metric, thanks to the glucose scale symmetrization, is equally sensitive to hypoglycemia and hyperglycemia and condenses glycemic excursions in a single quantity, facilitating interpretation and comparison of the results. To evaluate the betweenmethods differences, the two-tailed Wilcoxon signed-rank test with 1% significance was performed. In particular, we applied the Bonferroni correction for multiple comparisons, thus dividing the significance level by the total number of comparisons we made. To assess whether or not some patient characteristics can impact the outcome, for each scenario we computed the Spearman's correlation coefficient between body weight (BW), total daily insulin (TDI), basal insulin infusion rate (Ib), G T , CR, CF, IOB, and the BGRI difference (ΔBGRI) between BU versus SF, SC versus SF, and PE versus SF. The statistical significance of the obtained correlation was evaluated using as significance level α = 1%.
Finally, to give a picture of the relative performance of the three methods more focused on hypoglycemia, we computed, for each subject, the low blood glucose risk index (LBGI), 15 a metric that, besides quantifying the risk for hypoglycemia, incorporates information on duration and severity of the event). Specifically, we considered LBGI obtained using the methods BU, SC, and PE under comparison and the LBGI obtained using SF, and we calculated the respective average ratio. represents adult 6 with preprandial BG 100 ± 5 mg/dL and ROC −3 to −2 mg/dL/min. In this case adjusting the original insulin bolus amount according to ROC allows to achieve a better glucose control both during and after the meal, reducing and even zeroing (when using PE) time spent in hypoglycemia. In particular, PE correction is the one that performs best (BGRI(SF) = 6.39, BGRI(BU) = 5.00, BGRI(SC) = 3.84, BGRI(PE) = 1.81). The second example, reported in the bottom panel, represents adult 20 with preprandial BG 150 ± 5 mg/dL and ROC 2 to 3 mg/dL/min. This case presents worse glycemic outcomes compared to SF when applying either SC, PE, and BU correction (BGRI(SF) = 7.80, BGRI(BU) = 13.86, BGRI(SC) = 9.14, BGRI(PE) = 14.93) which drive the virtual subject to hypoglycemia.
Results
Below, for each of the considered ROC intervals, we analyze and compare the obtained glycemic outcomes resulting from the adoption of SF, BU, SC, and PE in the virtual population.
ROC −3 to −2 mg/dL/min
In Figure 2A , the distributions of the ΔBGRI between BU versus SF, SC versus SF, and PE versus SF obtained in all the 100 virtual subjects when preprandial ROC is −3 to −2 mg/dL/min are shown via boxplot representation. According to Figure 2A , all methods improve significantly the BGRI (P < .01) obtained with SF. This is visible also in Table 2 , where we report the median/interquartile range of the BGRI distribution obtained using SF, BU, SC, and PE. However, the boxplots in Figure 2A also evidence that several subjects obtained worse glycemic outcomes when the dose is corrected according to either BU, SC, or PE compared to SF.
In Figure 3A , we report the boxplot representation of the ΔBGRI distributions obtained by comparing SC versus BU, PE versus BU, and PE versus SC when preprandial ROC is −3 to −2 mg/dL/min. Indeed, except for preprandial BG 150 ± 5 mg/dL where all methods achieve equivalent performance, PE obtained significantly (P < .01) better BGRI values compared to both BU and SC. Furthermore, as visible in Table 2A , comparing SC versus BU, better BGRI are achieved using BU.
As far as the correlation analysis is concerned, comparing BU, SC, and PE with the SF, we find that, when ROC is −3 to −2 mg/dL/min, the respective ΔBGRI are weakly but significantly correlated (P < .01) with CR and IOB. No significant correlation has been found for the other considered patients' parameters. Table 3A reports the average ratio between the LBGI obtained using the considered methods and the LBGI obtained using the SF when ROC is −3 to −2 mg/dL/min. Results show that, as expected, the LBGI decreases using BU, SC, and PE, as the computed insulin bolus amount decreases as well. In particular, PE achieves lower ratios, being the most conservative. Figure 2B shows the distributions of ΔBGRI obtained by comparing the considered methods against SF when preprandial ROC is −2 to −1 mg/dL/min. In this situation, the outcomes are strongly dependent on the specific preprandial BG level. Indeed, although all methods allowed obtaining statistically significant better performance than SF for preprandial BG 80 ± 5, 100 ± 5 and 250 ± 5 mg/dL, there are no statistically significant (P < .01) differences when comparing BU, SC, and PE versus SF for preprandial BG 60 ± 5 and 150 ± 5 mg/dL, and PE versus SF for preprandial BG 70 ± 5 mg/dL. Considering the median results (see Table 2 ), the best outcomes were achieved without adjusting the reference insulin bolus when preprandial BG is 150 ± 5 mg/dL and using PE for the other preprandial BG conditions.
ROC −2 to −1 mg/dL/min
As shown in Figure 2B , the fact that the considered methods do not perform better than SF is due to the presence of a nonnegligible number of subjects whose BGRI is higher when using BU, SC, and PE. Moreover, such a worsening of BGRI is more pronounced if larger corrections are applied to SF, like using the PE guideline. Indeed, the bigger the correction of SF, the higher the variability obtained in terms of BGRI. Figure 3B shows the ΔBGRI distributions obtained comparing the considered methods between each other. In these scenarios we cannot detect any statistically significant difference between the methods.
Furthermore, the correlation analysis obtains same qualitative results as ROC −3 to −2 mg/dL/min. Specifically, comparing BU versus SF, SC versus SF, and PE versus SF when ROC is −2 to −1 mg/dL/min, we find weak but significant correlation (P < .01) between ΔBGRI and CR and IOB. Table 3B reports the average ratio between the LBGI obtained using the considered methods and the LBGI obtained using the SF when ROC is −2 to −1 mg/dL/min. Results show same qualitative outcomes as ROC −3 to −2 mg/dL/min. Specifically, average LBGI decreases when BU, SC, and PE are adopted. Figure 2C reports, via boxplot representation, the ΔBGRI distributions obtained comparing BU, SC, and PE versus SF. In this case, adjusting insulin bolus according to ROC we almost always obtained better results in terms of glycemic control. In particular, best median BGRI values (see Table 2 ) are achieved using PE for preprandial BG 60 ± 5 and 150 ± 5 mg/dL, BU for preprandial BG 70 ± 5, 80 ± 5, and 250 ± 5 mg/dL and SC for preprandial BG 100 ± 5 mg/dL. However, when preprandial BG is 250 ± 5 mg/dL there is no statistically significant difference between BU, SC, and PE and SF, due to a substantial degradation of the glucose control performance in almost half of the considered subjects when a correction is applied to SF. Focusing on the between-methods comparison (see Figure  3C ), results suggest that, when preprandial BG is 150 ± 5 mg/dL, the best outcomes are achieved by the PE indication. On the other hand, when preprandial BG is 250 ± 5 mg/dL, the best results are obtained using BU. Notably, SC presents worse BGRI results compared to both BU and PE, in all of the considered scenarios. Furthermore, as reported in Table  2C , comparing SC versus BU, better BGRI are achieved using the latter.
ROC 1 to 2 mg/dL/min
Concerning the correlation analysis results, comparing BU versus SF, SC versus SF, and PE versus SF when ROC is 1 to 2 mg/dL/min, we find that ΔBGRI is significantly correlated (P < .01) with BW and G T . No significant correlation has been found for the other considered patients' parameters.
Finally, in Table 3C we report the average ratio between the LBGI obtained using the considered methods and the LBGI obtained using the SF when ROC is 1 to 2 mg/dL/min. Again, these results are not surprising, since BU, SC, and PE increase the insulin bolus amount when ROC >0. Specifically, higher ratios are obtained using the PE method, since it implements the most aggressive adjustment of the SF. Figure 2D shows the ΔBGRI distributions obtained by comparing the considered correction methods against SF. Results show that adjusting the reference insulin bolus according to ROC significantly (P < .01) improved, on average, the glycemic outcomes. In particular, best median BGRI results (see Table 2 ) are achieved using PE for preprandial BG 60 ± 5, 70 ± 5, and 250 ± 5 mg/dL, SC for preprandial BG 80 ± 5 and 100 ± 5 mg/dL and BU for preprandial BG 150 ± 5 mg/dL. However, there are no statistically significant differences comparing BU, SC, and PE versus SF when preprandial BG is 250 ± 5 mg/dL, since correcting SF leads to a degradation of the glycemic outcomes in a consistent part of the population.
ROC 2 to 3 mg/dL/min
In Figure 3D we show the ΔBGRI distributions of SC versus BU, PE versus BU, and PE versus SC via boxplot representation. Results show that BU and PE get almost the same performance and outperform SC when preprandial BG is 150 ± 5 mg/dL. On the other hand, when preprandial BG is 250 ± 5 mg/dL, PE and SC are not significantly different from each other and the best results are achieved using BU.
Finally, as far as the correlation analysis is concerned, we find that, comparing BU, SC, and PE with the SF when ROC is 2 to 3 mg/dL/min, ΔBGRI is significantly correlated (P < .01) with BW, G T and CR. Table 3D reports the average ratio between the LBGI obtained using the considered methods and the LBGI obtained using the SF when ROC is 2 to 3 mg/dL/min. Results show the same qualitative results as ROC 1 to 2 mg/dL/min.
Discussion and Conclusion
Methods for BC that can take advantage of the "dynamic" information provided by CGM sensors and, in particular, of the ROC have been recently proposed. The most popular are BU, SC, and PE. To the best of our knowledge, no study has quantitatively evaluated them yet. In this article, we compared these three methods and assessed their performance in noise-free single meal in silico scenarios.
Our results showed that, overall, none of the considered approaches clearly prevails on the others, since the best modulation of the insulin bolus results strongly related to preprandial conditions. In the scenarios in which preprandial BG is rapidly decreasing (ROC −3 to −2 mg/dL/min), we observed the best performance for PE which allowed reducing the insulin bolus amount more than the other methods, thus resulting in better glycemic outcome. When BG is slightly decreasing (ROC −2 to −1 mg/dL/min), none of the three "dynamic" methods is superior for all the preprandial BG levels tested. The same comment applies to positive ROC scenarios, in which in particular no statistically significant BGRI improvement was obtained by either SC, BU and PE compared to SF when BG was 250 ± 5 mg/dL. Finally, our results showed that the none of the methods to correct SF according to ROC performs well in all the subjects. Indeed, even if all the methods achieved significantly better results in median BGRI compared to SF, this improvement was not achieved for all the subjects, with several subjects obtaining worse glycemic outcomes when either BU, SC, or PE were applied. In particular, our results show an important limitation of BU, SC, and PE. In fact, when ROC is positive, the risk for hypoglycemia systematically increases even if, following the intuition, the increased amount of administered insulin should compensate the positive ROC without inducing hypoglycemia.
In conclusion, it is important to remark that the comparison of methods documented in this work was performed in an ideal noise-free framework, the aim being limiting the influence of possibly confounding factors, such as errors in patient behavior, 16 carb miscalculations, sensor readings, and so on, that, however, should be carefully considered in the continuation of this research.
As far as future work is concerned, the present article suggests that using CGM trend information for insulin dosing requires particular attention. Indeed, although having information about ROC can potentially improve the current SF for insulin bolus calculation, the rules for integrating ROC information in BC must be carefully devised and comprehensively assessed to ensure their safety. Therefore, further investigations are needed to design new BCs able to effectively take advantage of the "dynamic" information on BG available from CGM. In particular, new methodologies should personalize the correction of (1) taking into account also the subject's characteristics, as proposed by Aleppo et al 17 (who suggested to add/subtract a fixed amount of insulin to SF considering not only the glucose ROC, but also the patient insulin sensitivity) and Cappon et al 18 (who investigated the use of neural networks in tackling insulin bolus personalization). Indeed, our results follow this direction, that is, showing weak but significant correlation between the obtained glycemic outcomes and some of the patient's specific parameters. Specifically, our analysis suggests that, when ROC is negative, the insulin bolus dose should be modulated exploiting also CR and the IOB amount instead of just ROC. On the other hand, when ROC is positive, results indicates that BW, G T and CR should also be accounted in the adjustment of the SF. Of course, any new algorithm will also have to demonstrate its robustness in more challenging in silico scenarios incorporating perturbations and sources of error not considered in the conceptual evaluation done in the present article.
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